JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. abstract: The persistence of sexual reproduction is a classic problem in evolutionary biology. The problem stems from the fact that, all else equal, asexual lineages should rapidly replace coexisting sexual individuals due to the cost of producing males in sexual populations. One possible countervailing advantage to sexual reproduction is that, on average, outcrossed offspring are more resistant than common clones to coevolving parasites, as predicted under the Red Queen hypothesis. In this study, we evaluated the prevalence of infection by a sterilizing trematode (Microphallus sp.) in a natural population of freshwater snails that was composed of both sexual and asexual individuals (Potamopyrgus antipodarum). More specifically, we compared the frequency of infection in sexual and asexual individuals over a 5-year period at four sites at a natural glacial lake (Lake Alexandrina, South Island, New Zealand). We found that at most sites and over most years, the sexual population was less infected than the coexisting asexual population. Moreover, the frequency of uninfected sexual females was periodically greater than two times the frequency of uninfected asexual females. These results give clear support for a fluctuating parasite-mediated advantage to sexual reproduction in a natural population.
Introduction
The coexistence of sexual and asexual lineages of the same species is difficult to explain. All-female, asexual lineages should (all else equal) exhibit higher per capita birth rates (Maynard Smith 1971 , 1978 and higher carrying capacities (Doncaster et al. 2000; Lively 2009 ) than sexual lineages. Hence, asexuals should rapidly replace co-occurring sexuals.
Why, then, does sex exist? How do sexual and asexual forms of the same species coexist in space and time?
The Red Queen hypothesis offers a promising explanation for the coexistence of sexual and asexual forms in space and time. Under this hypothesis, parasite-mediated selection against common host genotypes leads to the maintenance of genetic diversity for disease resistance in sexual populations (Haldane 1949) . If parasites are common and virulent, then parasite-mediated selection may be strong enough to prevent the fixation of common clones in mixed (sexual and asexual) populations (Jaenike 1978; Lloyd 1980; Bell 1982; Hamilton 1982) . This negative frequency-dependent selection against clonal lineages can lead to the stable coexistence of sexual and asexual individuals that compete for the same resources (Howard and Lively 1994; Lively 2009 Lively , 2010 . Similarly, theory suggests that parasite-mediated selection against common genotypes can indirectly select for intermediate rates of recombination (Peters and Lively 1999, 2007; Schmid-Hempel and Jokela 2002; Gandon and Otto 2007) , and lead to stable mixtures of self-fertilizing and cross-fertilizing individuals (i.e., mixed mating; Agrawal and Lively 2001) .
Support for the Red Queen hypothesis comes from a variety of sources. First, biogeographic surveys have shown that asexual reproduction dominates in populations where parasites are relatively rare (Lively 1992; Verhoeven and Biere 2013) , even at small spatial scales (Vergara et al. 2013) . These results suggest that asexuals eliminate sexuals where parasite-mediated selection is weak. Second, parasites can exhibit a high degree of genetic specificity for infection (Rauch et al. 2006; Dybdahl et al. 2008; Wegner et al. 2008; Wilfert and Schmid-Hempel 2008; Duneau et al. 2011; Luijckx et al. 2011 Luijckx et al. , 2013 , which is a necessary condition for parasite-mediated selection against common genotype. Third, parasite-mediated selection against common clones has been observed in laboratory experiments (Koskella and Lively 2009) 
as well as in the field for a wide
Infection in Sexual and Asexual Hosts S23 range of taxa (Antonovics and Ellstrand 1984; Kelley et al. 1988; Lively et al. 1990; Chaboudez and Burdon 1995; Dybdahl and Lively 1998; Lively and Dybdahl 2000; Michiels et al. 2001; Jokela et al. 2009; Wolinska and Spaak 2009; Šimková et al. 2013 ). Fourth, time-shift experiments (wherein hosts are exposed to parasites that were "frozen" from different time periods) have shown that parasites rapidly track common host genotypes in a variety of microbes, plants, and animals (Buckling and Rainey 2002; Decaestecker et al. 2007; Koskella and Lively 2009; Thrall et al. 2012; Koskella 2013 Koskella , 2014 . Fifth, ancient asexual reproduction appears to be evolutionarily stable in rotifers, owing at least in part to the fact that the rotifers disperse farther than their parasites, thereby preventing antagonistic coevolution (Wilson and Sherman 2010, 2013) . Sixth, recent laboratory experiments have shown the evolution of increased rates of outcrossing in hermaphroditic worms when coevolving with virulent pathogens (Morran et al. 2011 (Morran et al. , 2013 and that outcrossed offspring were more resistant to infection than self-fertilized offspring (Masri et al. 2013) . Finally, experimental work has shown that antagonistic coevolution can lead to increased rates of recombination in flour beetles (Fischer and Schmid-Hempel 2005; Kerstes et al. 2012) .
In this work, we build on these previous studies by testing the hypothesis that parasite-mediated selection against asexual reproduction can generate an overall advantage to sexual reproduction in a natural population. Specifically, using long-term field data, we compared the prevalence of sterilizing infections in coexisting sexual and asexual females in a natural lake population of freshwater snails (Potamopyrgus antipodarum). Under the Red Queen hypothesis for the maintenance of sex, we predicted that sexual females would, on average, be less infected than asexual females.
Previous work in this system has shown a significant, positive association between parasites and the occurrence of sexual reproduction in the snail. These studies were conducted across multiple lake populations (Lively 1992; Lively and Jokela 2002) . Across populations, the Red Queen hypothesis predicts that asexuals would outcompete sexuals where the strength of parasite-mediated selection is weak, thus generating a positive overall relationship between sex and infection among populations. However, within populations, where sexual and asexual females compete directly for resources, the Red Queen hypothesis predicts that asexual females should be more infected over time than sexual females.
Previous studies of this snail-trematode interaction have also demonstrated rapid evolution by the parasite (a trematode worm, Microphallus sp.) to infect common asexual clones both in the field (Dybdahl and Lively 1998; Jokela et al. 2009 ) and in controlled laboratory experiments (Koskella and Lively 2009). Overinfection of common clones in these studies was correlated with a turnover in clonal composition, such that rare clones increased in frequency over time. Moreover, laboratory studies have shown that sexual populations evolve resistance in response to infection and that resistance is specific to the parasite source (Koskella et al. 2011) .
These prior results meet necessary, but not sufficient, conditions for a parasite-mediated advantage to sexual reproduction in P. antipodarum. Hence, in this study, we compared the annual prevalence of infection in sexual and asexual snails to determine whether host-parasite coevolution could generate an overall advantage to sexual reproduction. By averaging across the fecundity differences for a diverse set of clones (Jokela et al. 2003; Paczesniak 2012) , we were able to calculate the overall parasite-mediated advantage to sexual reproduction over asexual reproduction. The data were collected over a 5-year period at four sites in a natural lake population of snails. Consistent with the Red Queen hypothesis, the results showed strong parasite-mediated selection against asexual reproduction.
Methods

Natural History of the Study System
Potamopyrgus antipodarum is a small (4-5 mm), ovoviviparous freshwater snail that is common in subalpine lakes and streams throughout New Zealand. Many populations of this snail contain diploid sexual females (and diploid males) living in coexistence with triploid asexual females (Phillips and Lambert 1989; Wallace 1992; Dybdahl and Lively 1995) . Where they coexist, sexual and asexual females mature at the same size and carry the same number of embryos in their brood pouches on average. Along with laboratory experiments, these findings demonstrate that there is a cost to producing males in the sexual population (Jokela et al. 1997) . Finally, the broods of sexual females tend to have multiple sires as well as a high evenness of success among sires, which would tend to increase the genetic diversity of sexual offspring (Soper et al. 2012) .
Lake populations of the snail range across three major depth-stratified habitat zones: shallow (!1 m); mid depth, which tends to be dominated by plants in the genus Isoetes (1-3 m); and a deep zone (4-7 m), which tends to be dominated by larger macrophytes such as native Myriophyllum sp., Chara sp., Nitella sp., and invasive Elodea canadensis. Snail density is usually very high (e.g., 11,000 m Ϫ2 in the mid-depth zone; Paczesniak et al. 2014 ). In addition, we have found that different clones tend to dominate the different habitats, suggesting that snails do not move freely among zones (Fox et al. 1996; Jokela et al. 1999 ). At our primary study site, Lake Alexandrina (South Island, New Zealand), sexual and asexual snails coexist, but there is a striking cline from the shallow to deep habitats. Sexual snails are most common in the shallow zone, while asexuals dominate in the deep zone. The mid-depth zone contains an approximately equal mixture of sexual and asexual snails Lively 1995a, 1995b) .
The snail serves as the first-intermediate host for at least 20 species of trematodes for which the sterilizing trematode Microphallus sp. "livelyi" (Hechinger 2012 ) is the most common in lake populations of the snail (Winterbourn 1974; Lively 1987) . Like most trematodes, Microphallus has a complex life cycle but with some rather unique features. The adult worms are small (!0.5 mm), outcrossing, simultaneous hermaphrodites that live in the intestines of ducks. Eggs produced by the parasite are shed with the duck's feces. The eggs hatch following ingestion by the snail host, and successful infections result in the asexual production of thousands of larvae (metacercariae) that encyst in the snail (K. Klappert and J. Jokela, unpublished data). The infection completely sterilizes both males and females, and it cannot be cleared by the snail. Hence, the parasites are highly virulent in terms of their effect on snail fitness.
The larval cysts of this trophically transmitted parasite hatch in the stomachs of waterfowl. Thus, waterfowl must consume live, infected snails for the parasite's life cycle to be completed. As such, the distribution of this parasite is determined by the distribution and foraging habits of New Zealand waterfowl. At our study sites, grey ducks, introduced mallards, and their hybrids tend to forage in the shallow-water margins of lakes (!1 m deep), while New Zealand scaup will also forage in the mid-depth region (2-3 m deep; J. Jokela and C. M. Lively, personal observations). Hence, infections in the deep zone (14 m) are unlikely to be transmitted to ducks. Consistent with this expectation, experiments have shown that the parasite is adapted to infect sympatric snails from the shallow-water habitat but not from the deepwater habitat (King et al. 2009 (King et al. , 2011 . In fact, Microphallus were no more infective to sympatric, deepwater snails than they were to allopatric snails, suggesting that the deepwater habit is a coevolutionary cold spot (King et al. 2009 (King et al. , 2011 .
Field Collections
The study was conducted using snails collected over a 5-year period at Lake Alexandrina, where sexual and asexual snails are known to coexist in the shallow-water margins. Lake Alexandrina is a glacial lake in the McKenzie Basin, an intermountain basin in the South Island of New Zealand; it is also a waterfowl preserve. The lake is located at an altitude of 730 m with a maximum width of 0.9 km and a maximum length of 7.2 km. We collected large (N 1 200), random samples of snails during January and February of 2001 to 2005 from the shallow-water habitat at four sites on the southwest side of Lake Alexandrina (Camp, Swamp, West Point, and a fourth site called Halfway, in between Second Fence and West Point (see Jokela and Lively 1995b for a detailed map and collection methods; see also http://www.ae.ethz.ch/research/potamo/alex_map). The snails were transported to the Edward Percival Field Station in Kaikoura, New Zealand where they were sieved with a 2-mm sieve to exclude juveniles. Each individual snail was then measured, sexed, and dissected. The prevalence of Microphallus infection was determined with the aid of a dissecting microscope. Head tissue from each snail was frozen and preserved in an Ϫ80ЊC freezer.
Determination of Reproductive Mode
In order to determine whether asexual snails were more or less infected than sexual snails, we performed flow cytometry on frozen head tissue at the Indiana University Flow Cytometry Facility. Because asexual snails are triploid and sexual snails are diploid, we were able to determine the reproductive mode of each individual snail by quantifying the amount of its DNA by flow cytometry (Neiman et al. 2011) . Flow cytometry was conducted using the BD Biosciences FACSCalibur machine, which has a two-laser analyzer, and CellQuest Pro software. Each frozen sample was ground, filtered, and treated with propidium iodide, which binds to the DNA and stains the cells (Osnas and Lively 2006) . We used the FL2 channel to assess propidium iodide fluorescence and DNA content. At the beginning of each run, we calibrated the machine using known sexual (diploid) and asexual (triploid) snails in order to define "gates," which were used to designate snails as either asexual triploids or sexual diploids (Neiman et al. 2011) . For each run, we randomly chose one sexual standard from a lab-reared sexual population originally from Lake Alexandrina. For the asexual standards, we used two snails from a clonal, lab-reared lineage that also originated from Lake Alexandrina. At least 5,000 cells were measured for each sample (Osnas and Lively 2006) . The asexual genome has approximately 1,350 mbp, while the sexual genome has approximately 900 mbp (Neiman et al. 2011) . Therefore DNA quantity in the FL2 channel for propidium iodide ranged from 482.83 to 794.48 with a mean of 659.25 for the asexuals and from 283.36 to 464.29 with a mean of 387.52 for the sexuals. The individuals that fell in between the sexual or asexual gate were categorized as unknown and excluded from the analysis (N p 27 individuals from all years and all sites). Because we only used the heads of snails for flow cytometry, we excluded the possibility of contamination from parasite DNA, which would generate a separate peak (Neiman et al. 2011 ). Note: The model was fitted using a generalized linear model with a binomial error distribution and logit link function. The three-way interaction of year # site # reproductive mode was not fitted due to the absence of asexual females at one site (West Point) for the last 2 years of the study. The data underlying this table and figures 1-3 are deposited in Dryad Digital Repository: http://dx.doi.org/doi:10.5061/dryad.29nk3 (Vergara et al. 2014) .
For each run, we analyzed 36 individuals, including the three standard snails. For every run, we examined the snails collected in a single year from a single site, and then we continued with different sites and years until we had analyzed all sites and all years. We repeated this process until we had sample sizes of 316, 307, 338, and 218 females for Camp, Halfway, Swamp and West Point, respectively.
Statistical Analyses
In order to test for differences in the prevalence of Microphallus infection between diploid and triploid females as well as for differences among sites and among years, we analyzed the data using a generalized linear model (GLM) with binomial errors and logit link function. Males were excluded from the original analyses, as infection in males would not affect the per capita birth rate of the sexual population, unless sexual females became sperm limited. Nonetheless, including males in later analyses did not qualitatively change the results. We did not fit the three-way interaction term between site, year, and ploidy, because, at one site (West Point), asexual females were absent in the samples for the last 2 years of the study. We also used a GLM to test whether the frequency of sexual females varied according to year and site. As in the previous analysis, it was not possible to fit the interaction between year and site in the analysis for frequency of sexual females because of the absence of asexual females at West Point in 2004 and 2005. With both GLMs, we used a repeated contrast to examine whether changes in prevalence of infection or frequency of sexual females between consecutive years were statistically significant. Repeated contrasts compared the mean of each year to the mean of next year and are generally used in profile analysis or where difference scores are examined (Norusis 1994) .
Finally, to further understand the coexistence of sexual and asexual snails, we estimated the geometric mean fitness of both the asexual and the sexual populations over time. First, we estimated the fitness of the sexual population (W sex ) for each year as p /p, which is the frequency of sexuals in year i ϩ 1 (pp ) divided by the frequency of sexuals in year i (pp). Similarly, we estimated the fitness of the asexual population (W asex ) for each year as q /q. Following Orr (2009) parasite-mediated advantage to outcrossing can balance the cost of males, the geometric means for the sexual and asexual subpopulations should be approximately equal.
Results
We found that the prevalence of infection in both sexual and asexual females changed dramatically over the 5-year period of the study (table 1; p 0.61, P p .435) were not statistically significant. We also observed highly significant year, site, and year-by-site interactions (table 1; fig. 2 ), which are suggestive of complex spatiotemporal variation in coevolutionary interactions (Thrall et al. 2012) .
Most importantly, sexual females were, on average, significantly less infected than asexual females (see "Reproductive mode" in table 1). The magnitude and direction of the difference in infection depended significantly on year ( fig. 1A ; also see: "Y # R" interaction in table 1). Repeated contrasts analysis by reproductive mode showed that asexual females were more infected than sexual females from 2001 to 2004 and that the difference was statistically significant in 2001, 2002, and 2004 ( fig. 1A) . During the last year of the study (2005), the pattern reversed: sexual females had a significantly higher prevalence of infection than asexual females ( fig. 1A ). This latter result indicates that diploids are not inherently more resistant to infection than triploids and that the parasite-mediated advantage of sexual reproduction can fluctuate through time.
To determine the impact of infection on the relative fitness of sexuals and asexuals, we divided the proportion of uninfected sexual females by the proportion of uninfected asexual females ( fig. 3) . We found that the proportion of uninfected sexual females was periodically more than double the proportion of uninfected asexual females. Asterisks between means of sexual and asexual samples indicate those years where the difference in prevalence between sexual and asexual females was significant at the 5% level when tested with a pairwise contrast (years 2001, 2002, 2004, and 2005) . B, The proportion of female snails that were asexual over time, averaged over all four sites.
Given that only uninfected females are reproductive, this result suggests that parasite-mediated selection confers a periodic advantage to sexual reproduction that could overcome even a full, twofold cost of producing males. fig. 1B) . Interestingly, the peak infection frequency in the asexual population occurred just 1 year after the peak in the proportion of asexual individuals in 2003 (cf. fig. 1A, 1B) . Repeated contrasts suggest that the changes in the proportion of asexuals between 2002-2003 and 2003-2004 were statistically significant. The overall variance among years was highly significant in the analysis (Wald x 2 p 41.66, df p 4, P ! .001), as was the variation among sampling sites (Wald x 2 p 84.40, df p 3, P ! .001; see fig. 1B ). Sparse data at West Point for years 2004 and 2005 did not allow us to fit the interaction term between year and site, but if only three sites (Camp, Swamp and Halfway) were included in the analysis, the interaction between year and site was statistically significant (Wald x 2 p 16.78, df p 8, P p .032). Males were excluded from the analyses presented above, as infection in males does not affect the per capita birth rate of the sexual population. However, inclusion of males in the analyses did not alter our results. Moreover, we found no significant difference between the mean infection rates of males ( p 0.38) and diploid females ( p 0.40) X X over the 5 years of the study (Wald x 2 p 0.398, df p 1, P p .528).
Taken together, our results show a parasite-mediated advantage to sexual reproduction for 4 of the 5 years of the study. This parasite-mediated advantage is of sufficient magnitude to counterbalance the cost of producing males and thus could explain the observed coexistence of sexual and asexual morphs. Consistent with coexistence, our estimates of the geometric mean fitness were not significantly different between sexual and asexuals: G sex p 1.01, G asex p 0.94 (t-test, P p .71), indicating that neither reproductive strategy had an overall advantage during the course of the study.
Discussion
The primary goal of our study was to determine whether asexual females are, on average, more infected than sexual females, as expected under the Red Queen hypothesis. To this end, we studied a natural population of freshwater snails where long-term data suggests stable coexistence of sexual and asexual individuals ). We found that, averaged across all years and sites, asexual females were indeed significantly more likely to be infected by a common, sterilizing trematode worm than were sexual females ( fig. 1) . Moreover, we found that the frequency of uninfected sexual females was more than twice the frequency of uninfected asexual females at two of three sites for some years of the study, and 1.5 times greater at a third site (fig. 3 ). Because only uninfected females are capable of reproduction, these results strongly suggest that infection by these parasites results in a spatiotemporal advantage to sexual reproduction that is sufficient to overcome the cost of producing males. In addition, we found that sexual females were significantly more infected than asexual females during the last year of the study. Hence, it would appear that sexual snails are not inherently more resistant to infection and that parasite-mediated selection can periodically favor asexual reproduction. Nonetheless (as indicated above), averaged over all years and sites, asexuals were more likely to be infected than sexuals (figs. 1, 2). The fluctuating advantage to sexual reproduction caused by parasites may allow for the coexistence of sexual and asexual individuals. Along these lines, we found that the geometric mean fitness' of the sexual and asexual populations were not significantly different, suggesting that parasites may contribute to the long-term stable coexistence of sexual and asexual forms in this population.
These results are consistent with previous studies at Lake Alexandrina. The host-parasite community at this lake has been particularly useful for addressing questions related to the evolutionary maintenance of sex, because sexual and asexual females coexist in the shallow-water habitats, where infection by trematodes is relatively high, and asexuals dominate in the deeper regions of the lake, where infection is very low. Previous studies on this system have shown that the parasite population is significantly better adapted to infect shallow-water snails than deepwater snails, suggesting that the shallow-water region of the lake is a coevolutionary "hotspot" (in the sense of Thompson 1994 Thompson , 2005 , while the deep part of the lake (14 m deep), where the asexuals dominate, is a coevolutionary "coldspot" (King et al. 2009 (King et al. , 2011 . This finding makes sense, because the final hosts (dabbling ducks and New Zealand scaup) do not forage in the deeper parts of the lake. In addition, a recent study found that the clonal composition of the deep population is relatively stable, at least when compared to the rapid turnover of clonal genotypes in the shallow-water population (Paczesniak et al. 2014) . For example, between 2003 and 2007, there was a dramatic reduction in clonal diversity and evenness in the shallow habitat. In fact, by 2007, the shallow-water population of asexual snails had become dominated by a single clone (Paczesniak et al. 2014) , which was highly resistant to infection by Microphallus (Paczesniak 2012) . Importantly, the changes in clonal structure observed by Paczesniak et al. (2014) occurred exactly during the period for which we observed a significant change in relative infection rates of sexual and asexual snails ( fig. 1, years 2004-2005) . Thus, it is likely that the asexual subpopulation became less infected than the sexual population in 2005 as a consequence of the spread of this resistant clone. Taken together, our results are consistent with a growing number of empirical studies that support the basic tenets of the Red Queen hypothesis. For example, in Daphnia, common clones decreased in frequency over time in lakes where parasites were observed but not in lakes where parasites were not found (Wolinska and Spaak 2009) . Similarly, a common Daphnia clone became highly susceptible to infection during the course of an epidemic and then dramatically declined in frequency (Duncan and Little 2007) . In addition, time-shift experiments with Daphnia and its parasites collected from sediment cores showed strong evidence of parasites tracking locally common clonal host lineages in a field population (Decaestecker et al. 2007 ). Conceptually similar time-shift experiments using a plant-fungus (Linum-Melampsora) interaction revealed strong evidence of parasite-mediated selection against common resistance genotypes in the host plants as well as complex spatiotemporal patterns of selection in the metapopulation (Thrall et al. 2012) . Moreover, field studies have shown that common clones of a gynogenetic fish were more infected by digenetic trematodes when compared to coexisting sexual fish, unless the sexual lineages were highly inbred (Lively et al. 1990) . Similarly, the most common asexual clones (as determined by genotype at MHC loci) were more infected than the sexual individuals in the fish Carassius gibelio (Šimková et al. 2013 ). In addition, common clones of the host plant Chondrilla juncea, were found to be more infected than rare clones by a rust fungus (Puccinia chondrilla) across a broad geographic range in eastern Turkey (Chaboudez and Burdon 1995) . Finally, asexual flatworms (Schmidtea polychroa) were more infected by an amoeboid protozoan than sexual individuals (Michiels et al. 2001) . Hence, the basic idea (frequency-dependent selection) at the core of the Red Queen hypothesis has been supported across a wide variety of study systems.
In summary, our results show that asexual females were more infected than sexual females in 4 years of a 5-year study on a freshwater snail in a natural glacial lake population. Given that infected individuals are sterilized, the greater infection of asexuals would help to overcome the cost of producing males in the sexual population and accordingly may explain the stable coexistence of sexual and asexual forms of reproduction. In addition, our results suggest that long-term field studies are required to fully document the complicated, spatiotemporal evolutionary dance of host-parasite coevolution and the evolutionary stability of sex.
